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rarefied plasma and also through fields of different types of radiation. The

{fore, most of the effects set in when the body travels over distances that are

imuch shorter than the distances over which the properties of plasma or of a ra-

¥ Numbers in the margin indicate paginaﬁion in the original foreign text.

| NASA TT F-9318

ELECTROMAGNETIC EFFECTS IN THE NEIGHBORHOOD OF AN ARTIFICIAL */3
SATELLITE OR A SPACECRAFT MOVING THROUGH THE IONOSPHERE
OR INTERPLANETARY SPACE
Ya.L.Al'pert

2/¢629

The author discusses the effects arising in the neighborhood
of a body moving through the ionosphere or the interplane-
tary medium, and the nature of their variation with growing
distance between the body and Earth. The results of the-
oretical calculations of different disturbances are examined:
variation in the concentration and flux of particles; poten-
tial of the body; scattering; electrical field; excitation of

longitudinal plasma waves; evaporation. Certain published

experimental findings on these effects are utilized. /ix&ﬂy(/’/ig .

INTRODUCTION 4\% v /

g
The orbit of an artificial satellite or spacecraft passes through strongly

interaction between these bodies and thé surrounding particles and the effect
of particle fluxes on them lead to the éppearance of different effects around

the body. The relaxation times of these effects are relatively small. There-

diation field change. Thus, a complex of effects travels along with the satel-

lite or spaceship moving through the plasma. The nature of these effects
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rgof the media through which that body moves are extremely varied. What is more,

NASA TT F-9318

ichanges with time and depends both on the properties of the body - its dimen-

;sions, shape, velocity, the photochemical features of the matter of which it
iconsists - and on the properties of the plasma and the radiation field. By
imeans of various types of measurements, the nature of the variations in the ef-
%fects arising around the body can be recorded or, conversely, if the patterns
;of these variations are known, the properties of the medium can be investigated
gby referring to the nature of these effects. It is obvious that, to investi-
;gate the properties of the unperturbed medium through which a satellite or
;spaceship moves, the influence of these effects on the results of different

i

gmeasurement techniques must also be known.
+
| The complex whole of the effects arising around a body and the properties

Ethe properties of the same body vary greatly with respect to the characteristic
Econstants of plasma when passing through different media. Theistate 6f ﬁﬁé.‘.w
%theoretical interpretation and experimental investigation of the different ef-
gfects also varies extensively. Therefore, a unified treatment of the problem
Ewith its many broad and varied aspects 1s extremely difficult at present.

‘ Below, an attempt is made to examine the overall state of this problem in
ga manner that is to some extent fragmentary. To this end it is primarily necesr
%sary to describe the principal propertiés of the media through which the arti-

ficial satellites and spaceships move, as well as certain properties of these

bodies themselves.,

Section 1., Characteristic Properties of Media

The orbits of artificial satellites and outer-space rockets intersect a /L

%plasma whose physical parameters vary widely. It is expedient to subdivide it

2
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iinto regions according to the variation in the nature of the effects in the

|
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Imedia are given in Table 1.

i

{

TABLE 1

PRINCIPAL PARAMETERS OF PLASMA

neighborhood of the moving body. The principal physical parameters of these

| Range of Distances from Earth’

Physical Parameter 0—400. %m | 600—700, s | . 3000, bm

j g gt , edium I dium I | MediumIIl

l: s B e X T e -

/[Neutral particle concentration n_, cud] . 10%—10° 107

i il o S i

10%

| 25

16

|

j ~1 -

i 1 ~ -1

| particles Vnn Vni’ sec

i .

| Effective number of o (1~3)-100 [(1—3)-108] ~10 10-2 —

| electron collisions V_(,41)

i Mean free path of neutral (t=7)-10 |(1—5)-10"| 2.101 - -

| particles 'f,n, om

/| Mean free path of electrons Io* 105 100 100 -_

} and ions 'fle’i, cm

' [Mean themmal velocity of neutral ~ 108 1.5-10% |(6+ 10) 10| 2.100 -

; particles and ions Voi’ cm/sec

! Mean thermal velocity of, 2.107 3.107 4107 5-107- -

j electrons v, oan/sec

.|Plasma frequency of electrons Wy,see t (1=15) - 107 107 5.10¢ 108 108
P1 asma frequency of 1ons Qo, sec™ ! (0.5—2.5) - 10 6.10% 3;10‘ 2.100 | 2.109
Magnetic field H_, oe 0.45 0.35 0.16 2.10-* | 10-8
Lammor frequency of electrons wy,gec-1| 75-10° 6.5.10° 3.108 10 104
Lammor frequency of ions $4;, sec” ! 2102 2107 8.12 | 10? 10
Larmor radius of electrons oy , cm 3 4 10 te 102 12

€
Lammor radius of ions Oy.» om 5-10° 8-10? 10 104 10°
) 1

Debye radius D, cm 0.5 0.5 3 3.10 5-10

|
r
|
i

the principal maximum of the ionosphere — medium I. Here, the electron concen-

3

First of all, we will isolate the region of 250-400 km altitudes, adjoining

D
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,be the fact that here the pressure of the magnetic field Hy?°/8m still exceeds

étration varies slowly with altitude and reaches, under different conditions,hiﬁs
|

xma.x:mum Ny = (1~-5)<10° el/em® (Bibl.1).

; The principal distinguishing features of media II and III are as follows.
iIn this region of the outer ionosphere, most plasma parameters vary monoton-
gously. According to recent findings, however, the composition changes rapidly

at altitudes of 800 - 1400 km. Thus, atomic oxygen predominates at altitudes /§

i
iof 700 - 1000 km; helium, at 1000 - 1200 km:; and hydrogen, above 1400 km. As a

?result, on passage from medium II to medium III, the ion velocity increases rap;
iidly, which is extremely important for examination of the effects with which we

.are concerned.
:
1 The region of plasma near the Earth, at distances of 5 - 10 earth radii

(Ro) from Earth's center (medium IV) has a number of features by which we may
classify it as the boundary portion of the gas envelope of the Earth. This

hanifests itself chiefly in that the effect of the Earth's magnetic field in

}this region is still appreciable. This, in particular, leads to the formation
iof radiation belts; the effects with which we are concerned are greatly affecteg

{

%the pressure of the gas NouT.
3 There exist few reliable data on médium V. Note that the values of the
%agnetic field measured at those distanées show that apparently there H;;g/8T~“s
S NouT, i.e., the effect of the outer magnetic field on particle motion de—

creases markedly. No reliable data on the particle temperature in this plasma

region are available, but the fact that the thermal velocity of ions vy in me-

dium V is several times as high as 10° cm/sec can be used as basis.

A common feature of plasma is the considerable length of the mean free

path 4,,. of all the particles and the rapid increase in {4 with increasing dis—g

L
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_ineutral particle concentration at lower altitudes is high and considerably ex-

_imust be taken into account. Media IV and V, however, may already be considered

i field must be taken into account if a correct picture of a number of effects is

”§to be obtained.

‘'quasithermal equilibrium, i.e., the electron and ion temperatures differ little.

3 }
1

‘tance from the Earth's surface; throughéut, 1 greatly exceeds the size of the

moving bodies (Table 1). Therefore, the theoretical solution of different prob

lems requires a kinetic approach based on Boltzmann equations. Although the

ceeds the electron and ion concentrations, collisions between neutral particles
and lons are extremely rare. Therefore, the influence of the motion of neutral

particles on the investigated electromagnetic effects and collective phenomena

1(electromagnetic waves and vibrations arising in the presence of a charged gas)
gmay be disregarded. The medium can be considered throughout as a completely
fionized plasma. In this connection, up to altitudes of approximately 1000 -
%3000 km, when analyzing certain effects, collisions between charged particles

i

‘collision-free.

A thorough investigation of the effects in question here requires the joingt
solution of kinetic equations and Poisson' s equation. Here, the magnetic field

markedly affects the motion of charged particles, so that the Earth' s magnetic

It is worth noting that, apparently, the medium is quasineutral through-
out, i.e., the undisturbed concentratioﬁs of electrons and ions are equal,

Ny ~'Noi. We also proceed from the prémise that the unperturbed medium is in
e

This is highly significant with respect to the effects considered, since the
landau damping decreases if T, » Ty, which contributes to the plasma insta-

bility.

{

In theory, the problem of investigating electromagnetic effects in the

5



ineighborhood of bodies moving in a plasma, in a coordinate system moving to-
igether with the body, reduces to the solution of the system of equations:

Tofe_of, 8
f+' ’i+eEa{‘+ [U+Vo.Hol%‘-—Yt,

: ﬂfe Ofe _ eE of, 0fe

é e at +?’a—F Tn-'?@—_—[v-i_vm HOI_—'— Yc. l (l)
| Aq>'='-14:re{S (fs"‘fe)d"v} E—-—grad(p, /
where f,(t, r, v) and f,(t, r, v) are the required particle distribution func-
ltions (Bibl.2, 3). At sufficiently great distances from the body, where the
gplasma is not perturbed, the distribution functions are maxwellian

!

: M@ 4 Vo)

o= [ w )

| e S S .
: m 7 + Vo) 2
~ {2 ) - e Py

i fo chT cxp 24T ‘

Since the electron velocity v, =V2«T/m considerably exceeds the velocity
iof the moving body V,, the electron distribution around the body may [apart

1 — —
from isolated cases (V I B )], be described in the quasistationary case by the

Maxwell-Boltzmann function

)' -"éxp ( op(7) _m(s+ oty

o N'( 7Y 4T 2xT

2nxT (2a)

If we consider only the stationary state of these effects, i.e., if we dis
regard the question of establishment of‘the field and concentration of the par-
lticles or the question of their stability, as well as the question of the emis-
sion of electromagnetic waves by the body, then the functions f, and f; are not
time-dependent and in eqs.(1) we will have 3f, /3t = 0, 3f;/dt = 0. In investi-

gating the stability or emission, it is expedient to perform the examination in

@ coordinate system that is fixed with respect to the body.

6
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1a;gThese functions should include a large set of effects and describe the nature

ﬁof the body, owing to the photoeffect, under the action of incident fluxes, etch

jMany of these effects are still relatively uninvestigated. In the examination

é The right-hand part of eq.(1l) contains collision integrals, i.e., funé;
gtions that take account of the influence of particle collisions on the distri-
ibution functions. In a number of cases, e.g. when calculating partiéle concen~
Etrations over distances commensurate with the size of the body, particle col-
ilisions may be disregarded, i.e., we may assume Yy = 0, Y.= O. With respect to
icertain effects, however, such as scattering of radio waves in the wake of the
ibody, in which the entire region of perturbation participates, the consideration
gof collisions is fundamental, since it restricts the divergence of the corre-
?sponding variables.

To the right-hand parts of the kinetic equations (1) we must also add

ifunctions that take the boundary conditions at the body surface into account.

iof the reflection or scattering of particles by the surface - the relationship
ébetween the corresponding distribution functions. Allowance must be made for
éthe measure of the absorption or neutralization of charges, the particle accom-

%modation, and the "production® of particles due to evaporation or disintegration

iof some of these effects, the role of boundary conditions may be decisive, for
?example, in the problem of the stability or emission of the body. On the other
hand, the effect of boundary conditions ‘on radio-wave scatter against the wake

iof the body is relatively inessential.

Section 2. Characteristic Properties of Bodies

Consider the nature of the relative variation in the dimensions and ve-

Y

ilocity of a body (either satellite or space rocket) receding from the Earth (se

7
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Table 2), Let the linear dimension of the body be 05 ~ 10° cm. It should be

borne in mind, however, that the dimensions of the instruments used (e.g. vari-

L

;ous kinds of probes) are of the order of 1 - 10 cm, which is one or two or- /]
;ders smaller than the dimensions of the body. With respect to certain effects

;it is exactly the linear dimension of the instrument, rather than that of the
i

‘bodv itself, which may play the decisive role.

i

\

TABLE 2

PRINCIPAL PROPERTIES OF BODIES

b Pange of Distances from the Larth, km
arameters of Inter) ]a"ﬁﬁ-
50—400 500— —
‘ Mov1ng Body -Mzediuf,‘ol Me(;joioumwl(} Medium III ‘5 10) ™v 30 Re
i . . e ium V
g, €M 10 102 a0 AR 102
, w/sec (8 —11)-10% | (8 —11) 108 (8 ~ 1) - 108| (5~ 4) - 108 |  2.10°
{ ~ 10¢ ~ 10¢ 10 ~5:.10 | ~2.10
E - Vo/%, _
velocity of 8—11 5—7 <1
' ' ions V /v, Em ,
Ratio of p, to Debye radius OO/D 2.10° 2.102 30 3 2
Ratio of 2rt, to plasma frequency 10—2 1 1 3 30 ‘ '
B of ions 27F /8 | |
. |Ratio of 27F to plasma frequency |10-%— 10-2 10-2 10-2 3:10-2 | 10~
3 of electrons 2t Jw, ) ;
Ratio of 271F to Lamor frequency | 3.2 ~ 3. T 102 ~5.10¢ ~ 10? '
; of ions 277F /gch 1
; Rauq;‘of o, to Lamor radius ~ 0.2 ~ 0.1 ~ 0.1 ~ 103 ~ 103 t
: of ions p /OH
Ratio of p to Lamor radius ~ 30 ~ 95 ~10 1 01
. of electrons p /OH
l

As it recedes from the Earth the space rocket or satellite with a prolate

orbit loses velocity, reaching approximately 2 x 10° cm/sec in the interplan-

etarv medium (at 100 Ry ). This is accompanied by a rapid increase in the ther-

mal velocity of the ions owing to the decrease in the molecular weight of the

! ey

8 S
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4ﬂfﬂfable here to employ hydrodynamic terminology such as Mach number, Mach cone,

aota s
RS TR

~y

jparticles and the increase in temperature. Thus, while we have W /vy > 1 near
Ethe Barth, i.e., at altitudes < 1000 - 2000 km, it appears that % /vy ~ 1 at an

‘altitude of ~3000 km and % /vi < 1 above that altitude.

|

Accordingly, in the media II - III the body moves at supersonic velocity
zwith a high Mach number V% /vi . This determines the nature of the effects in
fits neighborhood. Since, however, the media considered are not a "gas contin-
Euum", the effects arising here are not 6f a hydrodynamic nature. For example,
%no shock waves form ahead of the body. The perturbed region is aft of the body
Eand gomewhat resembles a Mach cone; but this resemblance is purely formal, the
?perturbance being of a different nature and its structure being markedly de-
}pendent on the electric field. Therefore, to avoid confusion, it is not advis-
ﬁetc.

P
i

; On transition from the medium II to the medium IV, the body passesrthfbugﬁ
|

Ea region where its velocity is commensurate with the ion velocity. The theory

fof this case is the most difficult to investigate, and the experimental data

javailable for these plasma regions also are scarce. lastly, in the media IV /8

;and V the nature of the effects in the vicinity of the moving body is close to
;the effects around a quiescent body, since there Vo /vy < 1.

% The magnetic field exerts throughout a great influence on the motion of
iparticles in the neighborhood of the body. This influence, however, apparently
3diminishes on transition to the medium V.
% As the body recedes from the Earth, its size at first greatly exceeds the
;Debye radius, i.e. po » D, but subsequently p begins to approximate D. This

{

imeans that in the first case (media I, II) owing to Debye shielding, the col-

;lective effects of the motion of charged particles are actually significant at

9
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lexclusively on variational equations. It is not impossible, however, that the

7 _jquencies blays a fole in the processes of excitation or stability of the plasma

*‘»Ethe media considered.

1
e

'any distance from the body. In regions‘III and IV where (r - po) < D the field
decreases in accordance with the Coulomb law. Thus, the media I, II, III dif-
fer markedly with respect to, for exampie, the distribution of particle concen-
ztration, the particle-flux incidence on the body as a function of the potential
of the body, etc.

Table 2 also distinguishes a third parameter - the ratio of the velocity
|

'of the body to its size, W /Po = Fo, which may be a criterion of the frequency

of "matural™ oscillations of the body and conditionally serve as a yardstick of

ithe anticipated spectrum of oscillation frequencies and waves excited or emitted
éin the plasma by the moving body. So far, these questions have been relatively

i

‘uninvestigated. Therefore, the analysis of the anticipated effects is based

frequency Fo and the degree of its closeness to other characteristic plasma fre

iin the vicinity of the body. Table 2 indicates that the "natural" frequency of

Ithe body is commensurate with the plasma frequency of ions in virtually all of

é The ratio of the dimensions of the;body to the larmor radius may, along
with the pressure H32/8ﬂ, serve as anotﬁer criterion of the influence of the
outer magnetic field on the effects in the neighborhood of the body. Table 2
ishows that, as far as a distance of sevéral earth radii, the lLarmor radius of
electrons is smaller than the radius of;the moving body. Under these condi-
tions, it is essential to take into account the influence of the magnetic field|,

e.g. when calculating the electron flux:throughout the neighborhood of the bodyl

'As for the larmor radius of ions, it isleverywhere greater than the size of the

4

ébody and thus the influence of the ion ﬁrecession on ion flux is less marked

10 |
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. 1 |close to the body. On the other hand, ion precession around the magnetic field

ileads to a quasiperiodic extended structure of the perturbation in ion concen-

itration around the body, which considerably intensifies the radiowave-scatter
- effects in the wake of the body.

S

i We have already pointed out the important role that may be played by the

1

i 1 .
.| effects occurring at the boundary of the body and depending on its velocity,

- Eits surface structure, its constituent matter, the properties of the plasma, ag
1 ?well as on the field of emission and fluxes in which the body is moving. The
?influence of the boundary manifests itself in a twofold manner, despite the
:J ilarge number of phenomena occurring in its viecinity.

| First, the distribution function of the particles incident on the body

N :fvaries in accordance with their reflection, which affects the nature of parti-

cle distribution in the vicinity of the body. Here, particle reflections of

- |different types are possible: specular, i.e., without loss of velocity; elastic

i
i

diffuse, i.e., without loss of velocity but with an equiprobable variation in

‘the direction of velocity after scattering; inelastic (accommodation), where
S

Qéwévelocity is lost and the direction can be arbitrary; partial or total neutral-
;: ?ization of charged particles at the surface, etc.

?ii Second, another group of effects (evaporation from the surface, erosion
:3 ;due to collisions with particle fluxes or with meteoritic matter, electron or
J iion photoemission, etc.) leads to the "production® of new particles around the
J» ibody.

It is convenient to describe both groups of effects by means of terms of A

ia common kind, added correspondingly to the right-hand parts of the kinetic
|

‘equations (1)
i

AR

o, 1(Fn 51, 5)8(S), (3)

i

11
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_processes of a different nature. Clearly, the 6-function 6(S) entering in

::7§represents the variation in the number of particles (J cm ® sec‘l) per second

' _mation of an extended wake aft of the body in the form of a zone of rarefaction,

jor another and may, in particular, include several terms each of which describeT

over a unit surface area, due to the influence of the body: owing to collision

o
with its surface or owing to the production of new particles.

iwhere ;ﬂ defines a point on the body surface; ;1 and v are the particie veloc-
|
dities before and after collision with the body, respectively. Depending on the

!physical statement of the problem, the functions A, and A; then assume one form

Eeq.(3) characterizes the fact that the functions A, and A; are non-zero only at
ithe surface of the body.

: The physical meaning of the functions A, and A; is understandable: by def-
jinition, A8(S) with respect to dimension is df/dt; therefore,

i
| .
i
|

:i S Adv sm ]

Section 3. Disturbance in Particle Concentration

A. Rapidly moving body, % /v; > 1. In the plasma regions where % /vy > 1,

?i.e., up to altitudes of ~2000 km, the concentration in front of the body in~

Ecreases - a condensation region forms in front of the body (Bibl.2, L, 5). The

1

iconcentration N(r, ©) is maximal near the very surface of the body and rapidly
yl H

decreases obeying the law of 6N = (N - o) ~ N (Po /r)°. At a distance of sev-

{eral radii p from the body, N(r, ® ) no longer differs much from the undisturbed

éparticle concentration Ny . Naturally, N(;) in the condensation region depends

iconsiderably on the scattering properties of the body surface.

'

T

The most typical and important feature of the disturbances N(;) is the fori

1
The decrease in N(r) aft of the body is attributable to the ejection of ions by

1
I

12



jdirection of the body with respect to the vector of the magnetic field b. An

jelectric field arises owing to the difference between the electron and ion tra-

,; The near zone is the region aft of the body at distances r of the order of

ihe body and the formation of a rarefied electrically charged inhomogeneous

jcloud where Ny (r) -~ N.(r) # O. Its structure varies, depending on the traveling

éjectories. Of course, the effect of the Body potential ¢ may also be consider+
éble. Collisiong between particles exert an influence only at great distances
%rom.the body, since the mean free path of the particles exceeds the size of the
%body and the larmor radii. Therefore, at distances of the order of the mean
free path of the particle the perturbed region gets smoothed out.

i We shall describe the nature of the disturbance in particle concentration

%in the near and far zones aft of the body.

%the linear dimension of the body, i.e. at distances where

i -

|

[F] ~ po, |7l < (Vo/vi)po. L)

The far zone is the region of the distances

|F| > (Vo/ vi) po. (5)

Near zone. The distribution of the ion and electron concentrations in the
%ear zone has been calculated while negiecting only the effect of the electric
field on the ion motion. Here, the ion motion coincides with the neutral- /10
%article motion when the magnetic field ?% = 0. In cases where py, > 1, the eft
?ect of the magnetic field on the ion motion in the vicinity of the body de-
icreases markedly. This gives reason to believe that, at % /vy » 1, the princi-
%al properties of the concentration distribution obtained for neutral particles

i
I
I

at |T| ~ po also apply to a large extent to ions, i.e., Ny (¥) =~ n(r) even when

1
the effect of the electric field is taken into account. Here, it is borne in

13



mind that the body is not artificially charged to extremely high potentials o 3
i

» uT/e.

J In the near zone, the shape of the body and its position with respect to

;its direction of motion are important factors, as is specifically evident from

EFigs.l, 2. Figure 1 shows the lines of equal values of the ratio of particle

111215
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Fig.l

concentration to undisturbed concentration [N; (r, 9)]1/No for a sphere (Bibl.5)

and an ellipsoid (Bibl.6), while Fig.2 shows N; (r, 8)/N as a function of z /p,
|
;:*where Zzo is the distance from the surface of the body and p is the linear scale

jpf the body along the axis of its motion (8 = 0). In Fig.2 the radius po is

;*baken as the p for a sphere and a circular plate; for a square plate the linear

i

scale p = VSo /M, where So is the area of the plate; for an ellipsoid, P = VPi1Pz
L

1



: %where sin 8 < p/r, the particle concentration decreases and tends toward zero;

) @he angular variation in N; (8, r = const) is then very rapid. This is evident

fwhere p1 and Pz are its semiaxes. Such 'a choice of p isbased on the fact thrati
|
‘the cross section of the body characterizes the body shadow effect (Bibl.2, 5).

Tigures 1, 2 indicate that in the near zone, in the region of the body shadow,

t
from Fig.3, which shows the angular dependence of N; (8, r = const) at different

1

i

e
% 4 - —- ) ot
)(/r n‘)ﬂ_‘?‘iﬂz‘j_g ,
i Ellipsoid 1 ! v
| 1’ VARV iii
| Fe ity
| —A A
}l Al (Ié}rde
| /
E ’oz & %l
% =SSt
‘ | B
! I
1 ] - ]
3
10 -
T2 3 4 5 6 7T%jp

; Fig.2

distances from the surface of the sphere (solid lines) and the ellipsoid (brokenm
ﬁines). The numerals denote distance expressed in radii of the sphere. For
jcomparison, the circles show the resulté of measurements of the ratio between
;electron fluxes measured in two mutually perpendicular directions; the corre-
zlsponding experimental curve is displaced with respect to its calculated counter+
?parts and illustrates the rapid transition of N; (®) (Bibl.7) (see also below)./1l
1 The effect of the magnetic field on the distribution N, (;) » as was pointed

out above, is not appreciable in the near zone. Calculations show that, with-

but taking into account the electric field effect, this also holds true even

when Po/Pugy ~ 1. It should be borne in mind, however, that in principle the

15
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icombined effect of the electric field ar;d the outer magnetic field o8 may pr:cra;re
:to be appreciable also in the near zone. Therefore, until the appropriate cal-
%culations are accomplished, any definite conclusions on this matter would be

Ipremature. Note that certain properties of the distribution N; (;) have been ob

j%‘c,ained without taking into account the electric field at B # 0.

|
UE] >
| outy df | /

o2 ./ / /Il )

19 30 50 79 90 8°
Fig.3

As the distance from the body increases the distribution N, (r), owing to

ithe effect of b , acquires a periodic structure. For example, when v H % » for,

a sphere, the spatial period of N, (r) eciuals

, A= 2a(Vo/ v;fpgi.
Then, along the axis of motion of the body z, at 6 = O,

Ni (Z, 0) 902 o
R exp — - e 1, ' ( 6)
° 4Q§;zsmz (23-—-—1{'

‘!whence it follows that, for z/A € 1, the magnetic field effect vanishes and

eq.(6) rigorously changes into a formula for neutral particles. Since the case

A I B is isolated, then, in the absence of collisions, the disturbance ON =
= Ny (r) - Mo, as can be seen from eq.(6), does not decrease with distance from

16




the body. This is because the ions move along spirals rigorously normal to the
Ema.gnetic field and, if collisions are not taken into account, the rarefied zone
iwill not be occupied by particles. In this case, it is of fundamental impor-
Etance to take collisions into account when calculating N(r) [cf.(Bibl.12)];

jthis will show that the periodic structure fades and disappears at distances of

the order of the mean free path of the ions. At transverse motion of the body
‘Vo_l__l-b , the quantity oN, (;) decreases along the axis, generally in proportion
tho 1/z; in this case, the variation in Nf, (;) is more complex than in the case
!of longitudinal motion but it is also oi; a quasiperiodic nature. Note that the
?disturbance in the concentration of neuﬁral particles n(;) decreases in direct
:proportion to z 2 rather than to z! , ife., much more rapidly.

Calculation of the distribution of electron concentration N, (r) without /1
taking into account the effect of the magnetic and electric fields on ion motio

shows that N, (r) differs markedly from N; (r) only at short distances from the

body; in the far zone N, (r) ~ N, (7), correct to within < 102,

|
i

In the near zone, the electron trajectories become more complex owing to

17
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the action of a sufficiently strong field formed by the potential ¢ of the
‘body and the attraction exerted by the ions, as can be seen in Fig.l which ‘
‘gives the lines of equal values of &N, /Mo = [Ny (r) - N, (r)]/MN for an ellipsoid
of revolution (Bibl.6). It should be kept in mind, however, that such a dif-
ference may apparently be appreciable only when the po /D ratio is not very high;
Various studies describing the results of local measurements of the con-
centration, composition, and other parameters of particles in the neighborhood
of artificial satellites, performed with different types of probes, clearly in-
dicate the complex nature of the behavior of the variables measured. This is
particularly reflected in the wide spread of the individual measurements, due
to the spin of the body - the variation in the position of the instrument with
respect to the direction of the velocity vector W . Naturally, if the experi-
mental results are analyzed without taking into account the angular dependence
of the measured variables or their dependence on the distance from the body, L
the true picture of the state of the unperturbed medium may be considerably dis;
torted. On the other hand, a consistent analysis of the angular function or
-distance function of, for example, particle concentration will make it possible
to determine different variables in the neighborhood of the moving body with
extreme accuracy. Wilmore et al (Bibl.7) give the angular dependence of the
ratio between particle fluxes, measured simultaneously by means of two probes.
YOne probe was mounted directly to the surface of the artificial satellite,
while the other was extended at right angles to the first probe to a distance
‘eqpal to 3 - L radii p, from the surface of the body. The results of the mea-
surement (see circles in Fig.3) fairly satisfactorily confirm the theoretically:
:expected rapid angular variation in concentration in the region of transition

from small to large values of N,(;). These measurements, however, unfortunately
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are not amenable to a more precise treatment, since the two probes were located
at different distances from the body and in a zone where the body shape exerts |
an extremely great influencei. It would be important to organize experiments
of this kind with a spherically shaped body. :

Far zone. For distances |;| > (% /vy )p from the body, the problem of the
distribution of electron concentration N, (;) has been solved for a sphere while;
taking into account both the electric field and the outer magnetic field K. ,
The formulas for the disturbance 0N, (;) have been, however, derived in a—space ,
i.e., for Fourier components of the spatial distribution of electron concentra-

tion. Specifically, the quantity
Ny = ‘ 8N, (F) e—iarddr, (7)\

has been calculated, since for Nj the solution of the kinetic equations (Bibl.2§‘,
8) can be reduced to finite formulas. Therefore, to determine 6N, (;) , the in- |
tegral (7) must be convoluted when utilizing the corresponding formulas for Nj .i
Such calculations are fairly complex and have been successfully performed only
for the case Kb = O. This makes it possible to determine the effect of the
electric field on 8N, (;) and to show that the latter differs in certain funda-
mental features from the corresponding distribution in the absence of that ef- -
fect (Bibl.9). Before describing these features, it is expedient to point out |
certain properties of the quantity N; that are significant to the problem of
the interaction between the moving body and plasma.

If &% = O, we have [_ZL_B_

s Yo P N Q@ | ‘
‘Vi‘:"""°,< o) g BtieQ@l® (8)

3t nge }t is important to consider that the atmosphere contains light ions
(He" , H ).
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where

9 g2 ¢ %2 - Vo
Q(a) = 2ie _§me dz, a=-——cosy, ‘ (8a):

and X is the angle between a and the velocity vector %.
In eq.(8) the electric field effect is determined by the denominator [2 +

+ iaQ(a)]. 1In fact, if this denominator is replaced by unity and the condition
a= (Vréy;) éosx>1, ﬁ (9)

is satisfied, it is possible that the disturbance in electron concentration in

the far zone will be

e oo PR Vo \2. v Vo\2 |
= § N = S S moesn [ (S Ve ] ()

i.e., it accurately coincides with the disturbance in the neutral-particle con~

1

centration 8n(r). Thus, condition (9) for the far zone is a criterion of the

Fig.5

effect of the electric field and determines the region in which GN,(;) closely

coincides with &n(r). Convoluting the complete expression (8) for N; , we have

instead of eq.(10)

MNe = (pa/r)2(¥o/ vi)z& XB(Volv, 0), (11)
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where the exponent is replaced by the function B(% /vi, ©), expressed through a
complex integral. Figure 5 shows the numerical values of the function B(WJ/Vi,i
®) calculated with respect to two values of Vo/vi. It can be seen that the an—;
gular dependence of the disturbance in the electron concentration 6N, (F) has
the following major features that distinguish it from the disturbance in neu-
tral-particle concentration.

First, maximum rarefaction is obtained in the wvicinity of a cone with an

angle of convolution

90 = sin"v,- / Vo. 1 (12) ‘

Second, along the axis of motion of.the body, the rarefaction decreases
markedly compared with what takes place in the case of neutral particles.

Thus, the electric field causes the electrons to be focused around the axi?
of motion of the body. Here, the focusing effect manifested itself in the far é
zone owing to the influence of a weak electric field on an equally small per-
turbation in the concentration GN,(;). It may be expected that in the near
zone the relative influence of the electric field is less essential and does nof
alter markedly the angular dependence of N(;), since in that zone the disturb-
ance 6N, (r) is intense, because % /v; ® 1. Note that the denominator in eq.(8)

is the right~hand part of the variational equation describing the propagation of

ion-plasma waves (see Section 6) if the following substitution is carried out

i.e., if it is assumed that the phase velocity of the plasma waves Vph'v [

~ Vo cos X. Since the electric field effect is considerable for (% /v;) cos xlf

Srl, only ion-plasma waves with V,, ~ vy € % can be a factor in the formation .
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of a perturbation aft of the body, if such waves are excited there. In this
formulation, this problem requires a special study.

It has already been pointed out that the determination of 5N,(;) requires:
not only taking into account the effect of the magnetic field but also calcu-
lating the more complex function of the type B[V /vi, [H, Vo ]l. At the same
time, it is expedient to examine the special features of the variable Nj, when%
ﬁ; # 0, which in themselves, without calculating the integral (7), reveal im-
portant properties of the perturbation SN, (T).

Note first of all that, if the electric field effect is not taken into ac-

count, the magnetic field effect vanishes when the condition

9™ << P, | (1),
is satisfied, where qj is the longitudinal component of a. Thus, in a—space,
the condition (14), which characterizes a sufficient smallness of the longitud-
inal wavelength component compared with Puy s is equivalent in a coordinate

space to the condition r/A € 1, or
r<oni(Volwi)y (15)

i.e., to a distance r sufficiently small compared with pui(Vb/vi). Here, con-
dition (15) is exactly the definition of the near zone at H, # 0, by contrast
with definition (4) at H{, = O.

Further, it is important to consider that, in longitudinal motion of the

body and neglecting the effect of the electric field on ion motion,

1 f
Ng o | (16)

and tends toward infinity. As for the divergence of N;, this is perfectly com-

prehensible and equivalent to the fact (see above) that, for H I VE, when the
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effect of the electric field and of collisions is not taken into account, the
distribution N, (r) ~ N; (r) has a rigorously periodic structure aft of the body,i
a structure that does not change with increasing distance from the body. The
electric field, on the other hand, upsets this periodicity even when collisions;
are not taken into account, which leads to a marked change in Nj and hence alsog
in N, (7). ’
Of course, detailed calculations of the integral (7) for the case of K # ,
# 0 will make it possible to determine also the other features of the perturba-
tion 8N, (;) in the far zone. Even without rigorous calculations, however, it “
can be established that oN, (r) ~ 1/r by anal&gy with what is obtained for 8N (r)
when the effect of the electric field is not taken into account. As in the :
case of K = 0, when the effect of the electric field on ion motion is taken
into account, the expression for Nz differs in that an appreciable denominator

appears therein. In fact, at % # 0,

a7

where

" (a%) | ,
— 5 PHiZ = pui ( QPzt + 4q . sinbact N (18).

C1(T, Vo), ouil =i

2

The denominator in eq.(18), expressed in the form of an integral, leads, [_LQ
in the formula, to a variational equation describing the ion-plasma v;raves for |
H # O and gives the spectrum of ion-plasma waves (see Section 6). The ques-
tion of the role of these waves in the formation of the region of perturbation

requires a special analysis.

One of the most interesting and important properties of the far zone is
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the scattering of electromagnetic waves in that zone, due to the disturbance in
the electron concentration and hence also in the dielectric constant (Bibl.10).
Since the wake of a rapidly moving body extends over a distance of the order of
the mean free path of the particle, i.e., greatly exceeds the size of the body

and, owing to the magnetic field effect, has a complex structure, its effective
scattering cross section under certain conditions greatly exceeds the scatter-

ing on the body itself. We shall consider briefly the effect of the scattering

of radio waves on the wake of the body (Bibl.2, 8, 11).

Scattering on the wake of the body. The differential effective scattering
cross section due to the irregular formation 5N(;) the deviation of whose di-
electric constant is small compared with its undisturbed value, is described by

the Fourier component N [cf. eq.(7)}] with the aid of the formula

_ 1 o)o)‘lNalz. 2 5 :
doe = 1672 (_c‘ No s ¥u 0, (19)v

4aN2 \'h
(0=
m

b

where uwy is the plasma frequency of electrons; ¥; is the angle between the elec

t

tric vector of the incident wave and the wave vector of the scattered wave; do,
defines the proportion of the energy of the scattered wave per unit solid angle
d0. The corresponding calculations reduce eq.(19) to a formula containing in-
tegrals which are not expressed‘through known functions. Therefore, an analy- v
sis of do. requires numerical calculations.

For b # O, the effective cross section is a multilobed narrowly direc-
tional function with a principal maximum (Bibl.11) which is sharply expressed
and reaches a particularly high value when the body is in longitudinal motion
(% I ?%), i.e., when the angle between these variables is zero. In this case,i

the direction of the principal maximum is a mirror image of the direction of
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the wave vector from E;. The side maxima of do, are much smaller than its main
maximum; thus, for altitudes of 300, 400, and 700 km the ratios between the
side maxima and the main maximum at a frequency 100 (A = 30 km) are:

&m;  1.7-107%: " 1.6.10-2
m o # 76 ' ;lOﬂ’
St 28

The side maxima are displaced with respect to the main maximum by the
angles ¢ = 5, 9, 1 ..., while the width of the main maximum 4%, ~ (1 - 1.5)°.
Thus, scattering due to the wake of the body is chiefly determined by the main;
maximum and will be considerable if the angle o between i& and ¥ is smaller
than or of the order of the width of the main maximum. At o > A9, , the quan-
tity do, decreases in proportion to the ratio of the side maxima to the main
maximum.

The effective cross section for this range of altitudes of the ionosphere |
increases with altitude owing to the effect of the decrease in the number éfrﬁ
collisions, which offsets the effect of the decrease in the electron concentra.—E
tion and reduces do,. As the wavelength increases, do, rapidly increases. Both
functions are shown in Fig.6 for a sphere with the radius p, = 1 m; the same
diagram also shows the ratio do,/ddp as a function of the effective scattering
cross section of a metal sphere of the same size. It can be seen that the /16
effect of wake-induced scattering exceeds that of the scattering due to the body
itself by a factor of several hundred. However, it manifests itself at the ob-
servation point in the form of a sharp, brief (one second or less) burst. There-
fore, the scattering effect can be experimentally detected only under definite f
conditions and requires a precise organization of the experimental setup. Ex- :

periments of this kind are also of fundamental interest, in particular as a

method of verifying the completeness of the theory of the interaction between
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the moving body and the plasma.

Assuming that F = O, the calculation of d9, is simplified. The width of :
the scattering region, under the above conditions reaches 10 - 129, i.e., it ii
10 and more times as wide as the main lobe of do, for E, # 0. When po ~ 10° c@,
do, is less than the dop of the sphere itself, and only in the case of small ;

bodies (po's 50 cm) does do, exceed dSp by 10 or more times.
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B. Quasiquiescent body, % /vi € 1. The properties of the neighborhood of

a body moving in plasma, as examined above, apply near the Earth, apparently up
to altitudes of ~1500 - 2000 km. Upward of these altitudes, the case /vy ~ 1
gradually begins to prevail and the nature of the perturbation in particle con-
centration becomes different. Moreover, in those regions, po /D decreases rap-
idly, i.e., the size of the body becomes commensurate with the Debye radius and
the potential of the body exerts an appreciable influence. Further, the ratio
Po /Pwe gradually approaches unity, which alters the effect of the magnetic
field on the electron motion. Thus, the medium III (see Table 2) is a transi-

tion region for which it is difficult to refine the theory.
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At distances of (5 - 10) and more earth radii (media IV and V) there exist

conditions more amenable to theoretical calculation. There,

LI (20)5

The body may be considered at rest and the influence of its potential ¢o
by then is decisive for a number of phenomena.

So far, however, theoretical calculations for % /v € 1 have been performedi
only with respect to cases of large (po/D » 1) and small (po/D € 1) bodies in
the absence of a magnetic field ()b = 0) (Bibl.2, 13, 14). The corresponding
results apparently may serve to describe the effects anticipated in the plasma %

t
i

of the type of media IV and V.

The distribution of charged particle concentration N(;) around a quasi-
quiescent body is determined by the value ¢ and by the nature of the potential%
distribution @(;) of the body; the reflecting properties of the body surface
itself are a major factor here. The quantity ¥ determines the difference be- %
tween electron distribution N,(;) and ion distribution N,(;).

With respect to the nature of trajectories of charged particles, which de-
pend on the total particle energy at a given point, i.e., one = NW?/2e+ m(;), |
two types of particle motion appear around the body: finite Ny, and infinite

Ni.f . Thus the concentration /37

N(F) = Np(F) + Nt (F). | (21)3

Finite particles. A particle is termed finite if it is in a closed orbit |

around the body. Such an orbit may arise if ¢ = Mw?/2 + ey(;) < 0 in the case
of a gravitational potential: positive for electrons and negative for ions.

Since a body moving in the ionosphere and in the interplanetary medium is pre-
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dominantly negatively charged, most of the finite particles are ions. The
formation of finite orbits is mainly based on inter-particle collisions, since
the particles incident on the body cannot be trapped into the orbits winding
around the body, without releasing their energy. In the absence of collisions,
the particles incident on the body are absorbed by its surface without being
reflected from it.

The concentration of finite particles may greatly increase around the body,
since they gradually accumulate there. Thus, in the case of an equilibrium

distribution

Nm=IVoexp[|e—q;(,;)—‘] (22)

and if Ieml » uT, the concentration Ny, > Noo

In most of the cases of interest here, the calculation of Ny, is extremel&
complicated. The results obtained for electrons attracted to an absorbable
Coulomb center, if they collide with neutral particles, may up to a point char-
acterize the expected perturbation in the vicinity of the body due to finite
particlgs. At distances r >'Jﬁ7;50 from the body, i.e., near its surface, we

have

Mo zv 3’;;{\,0[ | eci(;)l ]”‘[ 25l ecp:;)l n 1] a (23)

at ¢(r) = @ /r, where Q is the charge of the body. Equation (23) indicates
that, for |ecp| ~ 2T, the concentration Ny, exceeds the undisturbed particle
concentration by a factor of nearly /.

Infinite particles. If the particle energy ¢ at a given point near the

body is M¢3/2 + ep(;) > 0, then the particle cannot revolve about the body and
only infinite trajectories will form. The boundary line between the finite and
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infinite particle regions depends largely on ¢(r) and is determined by the ve-
locity boundary value which, in turn, depends on the specific conditions. 1In
this connection, the field may be either attracting or repelling. Depending onj
the sign of the potential we will denote the infinite particles by either Nin::
or Nin,' and we will now examine the concentrations of these particles for two
cases: smll (Po/D € 1) and large (po/D » 1) bodies.

For a small non-absorbing quiescent body (% = O), the concentration of
attracting particles at distances of less than the Debye radius from the sur-
face of the body, where the potential falls close to the Coulomb law ¢(r) =

= @p (o /T), Will be

x[1-e (V "iﬁ"} il

3 ( D(z)= vzj idu) ’

(24)
where 2(x) is the probability integral. Here and below, the distance r is /18
reckoned from the center of the body. For a Coulomb center, at po = O and @(r)=
= Q@ /r, we have

N L) ) S

%

For repelled particles we have, in place of egs.(24) and (2L4a), correspond-

ingly

N;:r——-{l-l-(b(l/ | ego | "_90\)_{_'1/7‘"—90
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Ning = Ny exp [—IL?;;L)—I-] | (25)

The curves of N' /N and N /% as a function of (r - po)/Po for po/D =
= 0,07 € 1 are given in Fig.7 for two values of the body potential |en;|/nT =

and 10. Near the body the concentration of atiracted particles N * markedly

inf
increases, while the concentration of repelled particles (electrons) decreases.
For the Coulomb center, the increase in Nin,+ is greater than for a small body

of finite size. Thus, at |em |/%T » 1, eq.(24a) implies that

+ 2 I—"Eal e '
Nlnf=—:N : 26»
- i — x(1+2|e%' L) (26).

and, at |ep | /T ~ 10, the ratio N, _," /N ~ k.
In the presence of low velocities, when ¥ /vy € 1 but is non-zero (see

Bibl.16), the particle concentration N * does not decrease in the rear of the

int
Coulomb center as in the case of a rapidly moving body but rather increases.

Thus, at Vo/vy < 1 and |epo |/MT » 1, we have

Niptt = (Nmf+)vo=0_'—Nocose—-l/le(p r)\ " (27)‘

where ©® is the angle between the radius vector r and the velocity vector % .
The explanation is that, at a sufficiently large potential, the particles are
drawn toward the aft region of the body. In principle, this effect is also
possible for large bodies but then in the presence of a very large potential ¢o-

Around the absorbing body, the concentration N

+ . .
e 1S determined by a more

+

complex formula than eq.(24); we will not give it here. Near the body, N

decreases to half when r = po.
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A comparison of egs.(23) and (2,) shows that when |ego |/%T » 1, the /19

concentration of finite particles exceeds that of the infinite particles:

L=4_( |eo(r)| )2.

Nt 13\ 4T (28)

For a large body, two zones in its vicinity are essential: the zone of a
strong effect of Debye shielding which leads to the formation of a boundary
layer in which the quasineutrality of plasma is disturbed, and the zone beyond

the confines of the double layer. Normally, when the potential of the body is
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not too large, the double layer is of the order of D, i.e., much smaller than
the radius of the body; it is important to bear in mind, however, that about the
very surface of the body, sufficiently close to it, the nature of the variation‘
in particle concentration may differ strongly from the concentration beyond the
limits of the double layer. This is particularly important for bodies with

high potentials when the double-layer zone is of the order of po. Accordingly,
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as in the case of a rapidly moving body, it is expedient to examine the near
zone - a region of a thickness equal to that of the transition layer. For
fairly low potentials, the near zone is determined by the distance (r - po) ~ D.

For the potential
wl 0o )‘/a
ool > 5) (29)

which in this case is the criterion of a high potential, the near zone is de-
fined by the distance (r - po) ~ o+ The far zone is correspondingly defined
by the distances r - po > D or r - po 2 po. The particle concentrations in both
zones are determined by means of the same formulas but for different laws of
variation in ¢(r) with distance.

The following formula for infinite particles, which provides a good ap-

proximation, has been derived for the concentration of attracted particles

Nipt = —g{emp-lf%;;)i& [1 -"(D(-V‘l%il )+V_% li‘l;(r) I ]+

YRy [ e 0

(00 — 12) /12 (30)
where ¢, (r) is the potential at the double-layer boundary.
For the concentration of repelled particles, we have
N;:=%'—°{1+<D(V le(pol—ul;co(t)l >+V_'_“T__:’;__—5?x ‘
1o (IR
o[ il
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In the near‘zone, egs.(30) and (31) are considerably simplified. /20

A major problem is to calculate the ¢ (r) function about the body in both
zones. The results of numerical integration of ¢(r) in the near zone for
lemb’/nT = 10 and the values of the concentrations of infinite particles deter-
mined by means of @(r) for the potential ep/uT = 10 are given in Fig.8. Fig.9
presents the corresponding findings for the far zone. Naturally, the curves of

®(r) and N, , osculate at the double-layer boundary. Figure 8 shows that, in
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the near zone, the concentration not only of the repelled but also of the at-
tracted particles decreases. This is due to the fact that the velocity of the
attracted particles in the double layer increases, while their flux is pre-
served, which leads to a decrease in particle concentration. In the presence of
a very high body potential, satisfying the criterion (29), the distribution of
attracted particles in the near zone'is more complex, but Nin,+ is also smallerv

than the undisturbed particle concentration.
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The nature of the concentration distribution varies considerably around a

completely reflecting body. In the presence of absolute reflection, the con- /21
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Fig.9

centration may increase sharply in the immediate vicinity of the body. 1In

Fig.10 the results of calculations for [e&ﬂ/nT = 5 and 10 are given, when the
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reflection factor is close to unity. Apparently this case is rarely encountered
in reality. Intermediate cases, i.e., cases of partial reflection and absorp~
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tion, however, actually occur, which greatly complicates the processes about

the body.
It can be seen from the above discussion that the charged particle con-
centration is greatly disturbed in the vicinity of the spacecraft or artificial

satellite, even at large distances from the Earth (media IV and V), where

Vo /vy € 1. The nature of the ion concentration distribution differs markedly

Fig.1l1

from that of the electron concentration distribution. The former particles are
repellied from the body and move only in infinite trajectories, while the latter%
at the same instant are attracted and have both finite orbits and infinite tra.-;
Jjectories. No doubt, the real picture is even more complex; for example, an
anisotropy should arise in the particle distribution, owing to the effect of
the Earth's magnetic field, and a number of other factors as well should be
present, particularly those relating to the effect of the shape of the body.

In conclusion, it is worth noting the following: The particle distributiox;l
in the vicinity of the body sets in rapidly, so that the perturbation is en-
trained by the body and its nature changes slowly in accordance with the changes
in external corditions. This means that if a device smaller than the body, such
as a particle-capturing probe, is located near the body, it will collect the
particles in the amounts in which they are present near the body and record the
State of the perturbed region rather than that of the unperturbed medium. De-

pending on the design and position of the device with respect to the body, there
35




may arise a natural perturbation in the neighborhood of the device itself,

which will further complicate the overall picture.

Section L. Particle Flux in the Vicinity of the Body

The question of the particle flux about an artificial satellite occupies
an important place in the problem under consideration. This is due to the fact
that various devices used for investigating unperturbed plasma are based on the

particle-capture principle, i.e., on measurements of the total particle flux
7= jas, (32)

where the flux density per unit area at any point on the body surface is

i=N@v= S vaf (F, 7) v, (33)?

In eq.(32), the integration is performed over the entire surface of the
body (or probe). 1In eq.(33), v, is the normal velocity component at a given [gg
point on the surface while f(;;) is the distribution function. To calculate
the flux, the flux density must be computed, i.e., it is necessary to solve the
system of equations (1) and derive the distribution function on taking into ac-
count the potential distribution m(;) abéut the body and the constant magnetic
field /. So far however, the flux density with respect to H #0 has never
been calculated. On taking into account the effect of ¢(r), on the other hand,
icertain results have been obtained with respect to a series of particular cases.

A. Rapidly moving body, W /vy » 1. The simplest conditions exist ahead of

a rapidly moving body with respect to ions, i.e., in media of the types I and
II, since there the kinetic energy of a particle in the incident flux Mﬁba/2 >
» ep(r). 1In this case the ion flux nearly coincides with the neutral particle i

flux. Therefore, substituting the Maxwell distribution function (2) in eq.(33),
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we have

Ji B ja= %I-g{% exp [— (—V—o)z cos? 1‘}0] + Vocos O [1 + I(D(ﬁcos 00‘]} | (31»)5

Vg v ¥i

where 3¢ is the angle between the velocity and the normal to the surface

(Fig.11). Equation (34), strictly speaking, is valid until

M )2 Vocos © * :
e L (35)

Therefore, in place of eq.(34), we have the simple formula
]'1' o~ N()Vo cOSs '00. (36)
Usually it is exactly eq.(36) that is used for analyzing experimental data.
For total flux, eq.(34) is integrated over the probe surface; for a sphere we
have

. RS
]=npo21\oVo[1+2 (%)]

0

(36a)

provided the condition Vo /vy > 1 satisfied.

The flux of the ions reflected from the leading edge of the body may be de-
termined in the same manner as for neutral particles, on merely taking into ac-
count the difference between the reflection factors of ions and neutral part-
icles. In the case of mirror reflection from the front surface of the body,
e.g. in the case shown in Fig.ll, if the shadow effect of a small body (sina <

< vy /o) in the region (abc) is neglected, we have
jir o~ V()A’Vi(l_‘) cos '0,-, (37)
where 9, is the angle between the normal to the surface of the small body and

the velocity V%, while Ny (r) is the ion concentration at the investigated point
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of the region (abc), obtained in the absence of a small body (Bibl.15, Fig.l).
Taking the shadow effect into account, i.e. at sin o R v, /Vo , the concentration
of reflected particles, of course, will also decrease at the point b, for ex-

ample, while maintaining the condition (% /v;) cos & » 1 we obtain
Vo . , '
jir 2 Vo (7) exp[ —( P et (38),

i.e., the flux density is exponentially small. An analogously exponential at-
tenuation of the flux in the shadow zone will be present if the body surface
does not reflect particles. Hence it is clear that a formula of the type of
eq.(36a) for total flux must be used with great caution.

Aft of the moving body, i.e.,in the zone of rarefaction, the effect of the
distribution ¢(r) becomes essential to calculating the ion flux, and the neutral
particle formulas are no longer applicable. For neutral particles, eq.(34) can¥

be replaced, aft of the body, by /23

i —cos 0,
by

in=;{%GXP[~(%)105200]~Vocosf}o[i—q,( Vo )]} (39)

if, in the region (Vo /vi), cos 8o > 1 (on the body axis)
e Ty [ Vo \2
n=———Uijl — ] ex —_— ——
a5 ] 10)

i.e., the flux is exponentially small.
The electron flux ahead and, partly, aft of the body must be calculated as
for a quasiquiescent body, since W /vy < 1.

B. Quasiquiescent body, W /vy € 1. If the field is absent and the body is

of the absorbing kind, then we will have, as for neutral particles,
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Ny ) _‘ _ -IV. :
2}/“ Vi, Joe = 21; Ve, ; ()4.1)

Joi = jn =

which is readily derived, in particular, from eq.(3L).

If the field is present, the flux of both finite and infinite particles
must be taken into consideration. The role played by the former, however, is
minor about the absorbing body, since finite orbits intersecting the body are
absent. In practice this case is often the most interesting. As for the body
itself, it may be either attracting or repelling. Therefore, infinite particles
of both kinds must be taken into account. The flux of repelled particles is
readily calculated, since in this case the Maxwell-Boltzmann distribution ap-
plies. Repulsion results in cutoff of the region of the particle spectrum fori
which Nw?/Z < ep(;) at a given point r. To sum up, the flux of repelled in-

finite particles is smaller than the flux ) at ¢ = O, namely,

2)

[ e@(r) l].

jimt = joexp| —
" p[ xT

The greatest contribution to the flux is thus made by the attracted in-
finite particles. The calculation of jinf+ requires a rigorous solution of the
system of equations (1). For a quiescent sphere, the density of the flux of

infinite particles is

2 2 a
+ . ]e(pml Po 2 Immn (rmln_rz ) rle(P(rmln) l )
= -_— it B OX]
hat Io{ T ( 2 ) + " 2 exp T +

Foun [ d(e@(r)/«T) 2 %
gl (HDPD T §ran]t-

’

"min

—exp (\C‘P(;n;x)l +rm;x ( d(eq;(:)/xT > . )] drmax}. (lLB)

Here, 9o is the asymptotic value of the potential ®(r) at large distances

from the body; rsin and ry,x are certain characteristic distances that depend
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on the potential distribution in the vicinity of the body and hence depend on
the distance. They are determined by means of differential equations which are
not given here.

Thus, it is obvious that the calculation of the flux of attracted infinite
particles is extremely laborious. The results of such calculations for certaiﬂ
specific cases are presented below.

For a small body (po/D € 1), eq.(43) can be used to directly derive a
simple formula for the flux on a spherical body, which applies rigorously only

when the potential of the body is not too large. If

xT D :
(Po < — (L"L")
e 0
then . lego :
lm-=fo[1+ T ] (L5)
Note that the total flux in the absence of the field will be [gg
To = S Jods = 27’7_‘9023‘00-', Joe = 2]’;P03Nov.. (1»»6)

Equation (45) coincides with the langmuir and Mott-Smith formula which is
often used to analyze the results of measurements. Equation (43) gives the
limits of its applicability. In practice, eq.(43) is valid for po/D € 1 so

long as the potential of the body

00 < "l( by ' w7)

€ \po,

If a criterion inverse to eq.(L7) is satisfied, i.e., for very large body |

potentials, the flux of attracted infinite particles will increase greatly

i = 0550 lf;—'}l-( i)% ]I (48)

0o

Thus, for |ep |/#T (po/D)® = 5 the ratio Jyut* /do = 4O (!), if po/D = 1.3.
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Note that if the velocity of the body W < vy but is not exactly zero, the total

flux [ef. egs.(45) and (46)] is correct within a small correction (Bibl.15)

t

(49).

+ 1 VOZ _\ e‘poi\l
‘"""”?;7(1 AT )
For a large body (po/D ® 1) with a moderate potential
»T _Qo»\‘/'
l“"‘M:_e—(\D/ '
[see eqs.(29) and (43)], we have
. legm| 2 ¢ lep(n) | | rdlep(n) ] | |
= ~ —ex — dr i,
Jiat j°{1+ T pOZSr[1 e"p( AT T3 atar )] '} (50)

[

The results of a numerical integration of eq.(50) are presented in Fig.l2

which gives the ratio between the flux density of the attracted infinite part-

g A ]
7‘1 j’-» !
Y e

i
e .

-3

12 3 uﬂ?,_/(g)%
radva

T 2 4 4 9]
xr

Fig.12

icles ji,,f and the unperturbed flux density Jjo near the surface of a large body
(o /D » 1) as a function of low (a) and high (b) body potentials. It can be
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seen that, as ¢ increases, the flux becomes constant within the limits of

Stnt’ ~ 1.5 . 1If, however, the potential ¢ is sufficiently large, i.e.,

, wT Po s i
l%'%—e (F) . (51)
then it apparently often happens in reality (see Section 5) that
- ) D\ ‘
jint = 1'21'0[]‘;;1(-‘—):) ] ) (52)

i.e., the flux increases greatly and may exceed by several times the unperturbed
value of flux j (Fig.1l2b).

The calculation of the particle flux at some distance from the body is
more complicated. In this case, eq.(43) can no longer be used for the body
surface (r = po), and the quantity ji.¢' (¥) must be calculated with respect to
a given surface of another body (e.g. a probe, Fig.11l) while taking into account
the perturbation it introduces. Here it is also important to make allowance
for the flux of reflected particles and for the shadow effect. As a result, thé
flux density at the probe is no longer a centro-symmetric function, and a cal- -

culation of the total flux requires integration of the complex function j(;).

Section 5. Potential of the Body in a Plasma

The question of the potential of an artificial satellite is a highly 125
topical problem. This is not only because the perturbation in the vicinity of
a body, in a number of cases, cannot be correctly determined unless the body
potential is known; it is also perplexing that the theoretically expected po-
tential which should be assumed by a body moving in a plasma is, at first

glance, only a fraction of the potential often obtained in different experiments.
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Let us evaluate the potential of a body in plasma. At some point on the
body surface the potential is determined from the condition of equality of the
electrons and ions adsorbed at this surface in unit time. Here, since the elec-
tron velocity v, » vy, the body should be negatively charged. In fact, let us
first examine a body at rest, on which electrons and singly-charged ions are
incident. Let us assume N, = Ny and T, = Ty . At any point in the plasma, the .
ratio of their fluxes across a unit area is J, /Jji = Vve/vi ® 1. Therefore, when
such particles bombard a body, its surface will be charged until the fluxes at
a given point become equalized. This is possible if the flux of electrons
striking the body decreases, i.e., if the body acquires a repellent negative
charge. Then the electron - flux density at the point s on the surface of the

body will be

Jes = Joexp[—[eq(s) | /%Tj- (53)‘

The ion flux (see above) has a more complex dependence on the potential
and increases with increasing |¢,| if ¢4 < 0. Since, however, we are inter-
ested in the maximum expected values of ¢, it may be assumed that, about the
body, Ji1s = Jio = (No//T) v; [see eq.(41)], i.e., jis equals the flux at g =
= Q. This should lead to a small error. In fact, since the obtained values of
P are low, they are not much affected by the use of the potential-dependences
of j; given in the preceding Section. The equality between the absorbed elec- |
trons and ions at the body surface, taking into account their reflection factors
Pe and Py, yields the relation

jis(1 — pi) = (1 — oc}jes (54)

or

(55)

ePs
vi(1 —pi) = ve(1— Oc) exp[ - —)“'TTI‘] '
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whence it follows that
»T ve(1 — pc) &2
= { , (56)
|9 P vi(1—o0:) J. ‘
Proceeding from the premise that p, and p; are small, i.e., that the body
mainly absorbs particles, we can find from Table 1 that, correspondingly, in

the ionosphere (media I and II) and in the interplanetary medium IV

@~ (0.7=13) v, ¢@,=~2v.

for a body at rest.

In the ionosphere (media I and II), however, the potential acquired by a
rapidly moving body must be estimated. For the leading edge of the body this
potential is readily determined by using eq.(54) and substituting its expression

for ion flux by eqs.(34) or (36). Ultimately, at cos ~ 1 (cf. Fig.1l}, we have

0 & "_Tln{& 1-f>c} (57)
€ Vo 1—91 ! . :

and for a rapidly moving absorbing body (pe = O, py = O) /26
¢s =~ (0.4 —0.9) v. (58)

The potential ¢, aft of the body is difficult to calculate in practice
since there are no sufficiently simple and exact formulas of the ion and elec-
tron flux densities for this region, if the electric field of the space charge
is taken into account. For a metallic body whose potential should be constant,
% = ¢s everywhere on the surface in view of the fact that, though this specif-
ically applies to the leading edge, the flux incident on the trailing edge is
extremely small.

For a dielectric body with a nonuniform surface, the potential may vary

greatly from point to point, particularly if the difference between the reflec-
Ll




tion factors p; and p, is taken into account. This picture is complicated by
the different processes of emission of particles from the body surface and the
photoeffect, which reduce the negative value of the body potential. Apparently;
the potential at the trailing edge of a moving body will increase because of
the decrease in the ion flux relative to the electron flux.

This accounts for the scatter of the experimental data presented in the
literature. Thus, the findings by Sharp (Bibl.17) on the volt-ampere characterF
istics of a probe indicate that the potential of an artificial satellite (or,
more exactly, of the portion to which the probe is attached) varied with the
motion of the satellite virtually from zero to -(12 - 14) v, i.e., became much
higher than the value of @, [see eq.(59)] obtained above. Such a situation
presents a number of difficulties.

First, although in nature the establishment of the body potential is a
complex process, the theoretical estimates of ¢, must be correct unless some
major effects are overlooked.

Second, since the potential of the body is determined in the same experi-
ments and with the same instruments as are used to measure particle fluxes, the
doubt arises whether the erratic behavior of the potential may not be due to
the unreliability of the method of principal measurements. In particular, this
might be attributable to the frequent failure to employ correct theoretical
formulas for analyzing the experimental findings.

Third, the fact of the absence of reliable data on the potential of the
body at the moment of measurements makes the resultant data unsuitable for a
sufficiently accurate interpretation.

Therefore, the development of alternate methods of determining the potent-

ial of the body is a highly important task. We believe that, in particular,
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similtaneous measurement of the potential at different distances from the body
and a rigorous theoretical analysis of the data (Bibl.10) should be a suffi-
ciently strict and pure method. Note that calculations of the field potential |
o(r) in the near zone of a rapidly moving body, particularly if the effect of
the electric field on the ion motion for K = 0 is neglected, will lead to the
following simple formulas. Ahead of the body, beyond the limits of the double

layer (po ® D), we have
- «T N,'(f)
o) =", (59)
This corresponds roughly to Ne = N; . For the ionosphere (media I and II) !
in this region we have a maximum of ¢(r) S nT/e = (0.1 - 0.3) v. In the double
layer, i.e., near the very surface, the potential tp(;) tends toward ¢ .
Downstream of the body, in the far zone, i.e. at distances r > oo (%o /vy ),

-~ 2T 61\",‘ r :
o(r) = 2L00) (60)
4 1\70

where 8Ni(r) can be determined by means of the formulas given in Section 3A. /27
At the double-layer boundary, (r - po) ~ D,

o(F) ~ "TTm( £ )2 (61)

and in the ionosphere (see Tables 1, 2) the potential reaches approximately

11(#T/e), i.e., will be of the order of (1.3 - 2.8) v. Clearly, downstream of
the body, close to it, @(r) already markedly exceeds the potential ¢, upstream
of the body [eq.(57)]. This demonstrates the validity of the above reasoning

on the potential @; at the trailing edge of the body.

L6




Section 6. Excitation of longitudinal Plasma Waves

The problem of the excitation of oscillations and waves by a body moving
in a plasma and of the nature of the stability of the perturbation arising in
the viecinity of the body requires the solution of the nonlinear kinetic problem
for a body of finite size. Here it is important to take into account the boun-
dary conditions, which should appreciably affect the character of the stability.
So far, however, we know of no successful investigations of this kind. There~
fore, to assess the expected effects, an examination of the general properties
of the variational relation will have to suffice. It ultimately turns out
that, for the case of a single-temperature plasma, the expected excitation of
the Cherenkov radiation type is apparently weak, since the Landau damping vy for
these waves is of the order of the oscillation frequency w. As is known, the
damping of the waves becomes small only at T, ® T;. In this case, however,
the waves in plasma are of a hydrodynamic rather than of a kinetic nature and
langmuir-Tonks ion waves are excited. The damping Y becomes small and even
positive when a sufficiently large directional relative velocity between elec-
trons and ions exists in the plasma. This is the case of the so-called beam
instability of plasma. With respect to a large body at rest, this case has
been investigated by Jaffe (Bibl.21). It is not impossible that precisely such
conditions may occasionally arise in the vicinity of an artificial satellite.

The variational equation for longitudinal plasma waves, taking into account

electron and ion motion, at Hy # O, has the form (Bibl.18, 19)

o* wo TR vt
—_— —| X — e nZ 'l‘} 2 ] e n I 2
’ . [ p( On? vt ™ \ (e, ) n( sin ﬂ) 1] +

ot vt

(62)




Here the wave number k is expressed by w/v,, taken as real, while v, is
the phase velocity of the longitudinal waves, £ is the angle included by the
wave vector k and the magnetic field Hy; I,(B) is the Bessel function of the

imaginary argument, namely, the function

2

s 2 |

—i00

[cf. eq.(8a)],

Bevin = “ {(—n 2t °',.9”’\+,-v_m},é (63)

cos & Ve, { W / @ Vo
where vy is the Landau damping factor. At Hy = O, the variational equation (62)

has the simplified form

2 2 B 2 .
oY [1<E‘+ilﬁﬂ')_1]+_‘3"_[1< Uph +i_‘Y_ Uph )_1],
o

vp.f (R Ve 0 v, ) vi? Vi Vi

(64)
Equations (62) and (64) contain two bracketed terms, These terms de- /28
scribe high-frequency (electron) and low-frequency (ion) plasma waves, respect-
ively. One of these terms contains v,,/v, as the argument, and the other,

Von/Vy. For high-frequency waves,

= kiD= [J(-"l".'r i ""‘)—1] .

Ue w v,

vt @

—

Uphz (l)o2

(65)

For low-frequency waves (w ~ {}) in the case in which T, = T, and v,/vy »

> 1, eq.(6)) reduces to the form of

vi? w? v Y,

vphz ®o? vy W Vi

(66)

The solution of the variational equation (65) for w ~ u, is represented by

(Bib1.20):



‘|, ©* = 0+ 3(«T / m)k2.
In the vicinity of w ~ w, we always have v, /v, » 1, since the phase

velocity here increases without bounds, For w differing from u,, we have

Vg~ (0o / @) ve.

(67)
Since wanted is the Cherenkov-radiation type excitation caused by a body

moving at a velocity V,, the condition v,,/Vo <1 or

Vo > (0)0/ Y7 (68)
is a prerequisite here,

Yin
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Fig.,13

This last condition is satisfied only if w,/w €1, since v,/V, » 1. How-
ever, eq,(68) is equivalent to the case Dk » 1, For this case, as shown rela-
tively early by Landau (Bibl.20) when he first discovered the attenuation spe—

cific for plasma waves, vy is extremely large, namely,

(69)

since €, determinable from the equation £e8%% = 1 +2m (kD)2, is of an order of
magnitude equal to ¥1ln (kD) > 1. Thus, high-frequency oscillations proportional

to exp [i(w + iy)t] are damped very rapidly. When the magnetic field is non-
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zero, the damping of high-frequency waves is also large; vy is determined by a
relation of the type of eq.(69).

For ion-plasma waves in the case T, ~ T, of interest here, the results of
an analysis of eq.,(66) for the region v,,/V, <1 are given in Figs.13 and 1%,

s ] ,
ol —\ \
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: \\ \‘
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\ Nl N
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0 L

08 12 16 20 24 28 -

Fig.1lh

Figure 1) presents the ratio v,,/v, as a function of the ratio of the fre-
quency w to the ion plasma frequency (. It is obvious that, as the frequency
decreases, the phase velocity increases, reaching a maximum v, = l.46 v at

w = O, Thus, longitudinal waves with a phase velocity of v,, >1.46 v, are
impossible in a plasma, which is logical when considering that sonic waves are
the limiting case of ion-plasma waves (w = 0), Figure 1/ implies, in particu-
lar, that the velocity of sonic waves in a kinetic approximation exceeds the
hydrodynamic velocity of sound,

The solution of eq.(66) has an infinite number of branches, i,e., a dis- /29

crete set of values of the frequency w corresponds to each pair of values of

* The author is indebted to N.I.Bud'ko, who calculated the curves given in
Figs,13 and 14.
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Vo and vy satisfying eq.(66). Figure 1 shows only one branch Vpp (w), while
Fig.15, which gives y/w as a function of Vpn/Vy shows three branches of the
solution for the variational equation (65). At the points v, /v, = 1.46, 2.36,
and 3,00, where w = O, we have correspondingly y/w = 0,38, 0.78, and 0.83. The
branches (2, 3) describe waves with a phase velocity exceeding that of the
branch (1), but the damping of these waves is much greater. From Fig.lL it can
be seen that longitudinal ion-plasma waves are rapidly attenuated throughout
the frequency range.

Section 7., Evaporation (Erosion) from the Surface of an Artificial
Barth Satellite in Plasma

The plasma region surrounding an artificial satellite in the ionosphere
or in the interplanetary medium apparently must be constantly occupied by
"foreign™ particles owing to evaporation, erosion, and other processes of liber-
ation of particles from the surface of the body. This "contamination™ of the
plasma may be detected, for example, by mass-—spectrometry. Molecules alien to
the plasma should continually fly off the body surface and be ionized owing to
solar radiation,

However, the process of this ionization is extremely slow., The ionization

time is very long and approximately equals

t—— ~ 107 sec
b ~r— ~ 107 sec,

0%/ (70)

where ¢ = cross section for ionization and s/e; is the flux of ionizing gquanta
per second. The time taken by the particles to recede to a certain distance
from the body surface, for example, to the distance r ~ 10° cm, equals r/v, ~

~ 10" ®sec., Therefore, in this region N,/n, ~ 10"°, where n, and N, are the

51



concentrations of extra neutral particles and electrons, respectively.

The rate of liberation of particles from the body surface is v, ~
~1V5;5:7ﬁ:; where T, denotes the surface temperature of the body and M, is the
mass of evaporated particles, Therefore, the particles at first recede slowly
from the body, Gradually, at greater distances from the surface, they acquire
the thermal velocity of the ambient medium and diffuse rapidly., Near the body
itself, however, a sufficiently large concentration n, of newly produced
particles may exist, resulting in continuity of the action of the source, Thus,
agsuming that v, ~ 10*, which corresponds to the expected values of T, and M,
at a distance from the body equal to its size, py~ 10® cm, which is traveled
by the particle within 10”2 sec, in the presence of a particle flux of j =
= (;;3, ~1CF - 10° atoms cm™2 sec™® (see below), the average concentration
apparently will be

ne — (10* — 10°) at. cm=3, (71)

The picture changes somewhat if aggregates of particles rather than in-
dividual particles are liberated at the surface,

Of course, the role played by the extra particles will be appreciable only
if ny € n,, i.e., at distances of > 5000 - 3000 km from the Earth,

In theory, it is hardly possible at present to calculate the flux J, =
= (;;), of the particles produced under the action of various processes, Esti-
mates are based solely on the results of experimental data obtained by means of
artificial satellites and rockets, McKeown (Bibl.22), for example, gives the
flux J = (;;5 of particles liberated by a gold plate as a function of the alti-
tude of the artificial satellite. The plate was positioned normal to the inci-
dent flux (the satellite was stabilized ) and represented the electrode of a

quartz-crystal oscillator., The loss of gold was determined according to the

52




corresponding beat frequency of another oscillator. As the altitude increased

from 216 km to 810 km the particle flux varied within the range

J = (;l_U_)' o (107 —_ 10‘0) at.cm—2 sec 4, (72)
i.e., the evaporation rate was < 5 * 10® atoms per molecule of incident /30

flux,
McKeown (Bibl.22) also gives the following values of J for metals (alumi-
num, zinc, iron, magnesium, lithium) with a surface temperature varying within

the limits of T, ~ 100 - 100C°.

J = (nv) > (10°—10%) qt.cm=2 sec—t, (73)

Significantly, the sublimation rate of particles depends sharply on T, and
increases by 10° to 10* times when the temperature changes by a factor of
1.5 - 2, Of course, the region of T, within which such a rapid increase in
evaporation rate occurs, depends on the properties of the metal. This should
be borne in mind when analyzing various data provided by an artificial satellite
or a spacecraft whose surface consists of materials of different types and
whose surface temperature varies within extremely wide limits. Note that the
vacuum sublim2tion rates of such materials as polymers, nylon, sulfides, vinyl
chloride, reach ~ 3 X 10°® by weight of the material per second.

In the radiation belts, the erosion rate of matter due to collisions with
protons of ~ 1 Kev energy is close to the lower limit obtained elsewhere
(Bivl.23): J ~ 107 atoms cm~2? sec™®., During the periods of solar flares, when
protons with energies of 0,5 - 20 Kev are produced, J ~ 1 - 10'! atoms cm™?
sec‘l, while the value at quiescent solar radiation (protons with ~ 3 Kev) is

1

J ~ 10®° atoms cm™? sec™!,

Various findings indicate that the erosion due to meteoritic matter lies
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within the limits of the range of values of J given above.

Conclusions, It was shown above that various phenomena occur in the
vicinity of an artificial satellite or spacecraft moving in the ionosphere or
interplanetary medium., The nature of this complex of phenomena depends both
on the geometrical and physical properties of the body as well as on the prop-
erties of the plasma and the radiation fluxes in which the body moves. The
investigation of these phenomena is of great scientific interest as an auto-
nomous branch of plasma studies, Moreover, knowledge of the nature of these
effects is also extremely important to the solution of a number of scientific-
technical and practical problems. The exhaustive utilization of artificial
satellites as laboratories for research on the ambient medium is impossible un-
less the influence of the above effects on the various experiments is taken into
account, as we have repeatedly pointed out in earlier studies (Bibl.2, 3, 10).

Lack of space prevented the discussion of certain additional effects ob-
served about the body, For example, the effect of the high-frequency field on
plasma (Bibl.23) has not been investigated., A radiating antenna will create
large fields in the plasma, This results in a strong pressure on the charged
particles near the antenna and in a marked perturbation of the plasma. At the
plasma frequency when w — w,, this effect becomes greatly magnified., Another
effect, described elsewhere (Bibl.2.), consists in that, on passing a radio-
frequency field through two capacitor plates, with the body of the artificial
satellites used as one of the plates, a weak direct current arises, When w -
- Wy, the current intensity increases greatly, i.e., a distinctive detector
resonance effect of the plasma is observed, So far no theoretical explanation
has been advanced for this extremely interesting effect which is important to

investigations of the plasma near the Earth, Moreover, the experiments de-
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scribed leave certain questions unanswered, such as the friction of electro-
magnetic origin, produced, for example, by the interaction between the electric
and magnetic fields formed in the vicinity of the body and the outer magnetic

field.
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